A 30 µm thin-film tubular CGO (Ce 0.9 Gd 0.1 O 1.95-δ ) membrane with catalytic layers on both sides has been prepared by dip-coating on a low cost, porous magnesium oxide (MgO) support. The MgO support was fabricated through a thermoplastic extrusion process. Support, thin membrane and catalytic layers were sintered in individual steps at temperatures between 1250 to 1300 °C to achieve a controlled removal of binder and organic additives and to obtain the desired, defect free microstructure. The prepared asymmetric tubular CGO membrane has been tested at elevated temperatures (up to 900 °C) using atmospheric air and N 2 , H 2 for the feed and sweep side respectively. The oxygen permeation was 4 Nml min -1 cm -2 at 850 °C using H 2 on one side and air on the other side.
Introduction
Gadolinium doped Ceria, CGO, is widely used in high temperature electrochemical devices such as solid oxide fuel/electrolysis cells (SOFC/SOEC), membranes and flue gas purification devices. The high phase stability of CGO under both oxidizing and reduction atmospheres and the high ionic conductivity, makes CGO an interesting material for an Oxygen Transport Membrane (OTM). Furthermore, it has been shown CGO becomes a mixed ionic and electronic conductor (MIEC) at high temperatures and low oxygen partial pressure, with sufficiently high electronic conductivity above 800 °C and under strongly reducing atmosphere [1] . An OTM is a gas-tight component permeable only to oxygen, giving 100 % theoretical selectivity. The use of such membranes to provide oxygen for different industries i.e. steel, cement and syngas production, can improve the energy efficiency in the production cycle and further in some cases facilitate an easier CO 2 capture and sequestration. Developing a high performance OTM-system is a challenging task as material development, ceramic processing and system integration must be considered.
The oxygen permeation flux of various fluorite structured membrane materials for wide range of membrane thickness (50 to 2000 μm) have been reported [2] . In order to achieve fluxes that are of commercial interest for most of the large scale applications it is clear that thin film membranes with thicknesses below <100 µm must be prepared. Such thin membrane are typically not mechanically stable.
In order to reduce the membrane thickness without sacrificing mechanical properties of the overall component, an asymmetric membrane configuration can overcome the problems associated with mechanical stability. Previously, Kaiser et al. [3] , have reported oxygen fluxes of more than 10 Nml min -1 cm -2 at 850 °C on a 30 μm thick planar CGO membrane supported by a Ni-YSZ cermet support. The different layers were prepared by tape casting and subsequent lamination. The CGO membrane showed good thermal and chemical stability at syngas operation conditions.
When the membrane layer gets below a certain characteristic thickness, the catalytic processes on the surface of the membrane might become a limiting factor of the membrane performance. In order to improve the oxygen flux further the surface exchange kinetics have to be enhanced on both sides of the membrane, which is typically done using electro-catalytic materials. Ni-Ce 0.9 Gd 0.1 O 1.95 (Ni-CGO), ceramicmetal composites (cermet) have been widely used as electro catalytic material in SOFCs [4, 5] in which the metallic form of Ni acts as catalyst for fuel oxidation and provides electronic conductivity, whereas CGO not only acts as a matrix to support the catalyst but it also transports oxygen ions out from the structure [6] [7] [8] . Moreover, a Ni-CGO cermet can easily be combined with a CGO membrane instead of using the traditional yttria stabilized zirconia (YSZ) due to the thermal expansion coefficients (TEC) of YSZ (i.e.
~10.5× 10 −6 K −1 ) which is significantly lower than that of CGO and MgO which was ~12.7× 10 −6 K −1 and ~13.9× 10 −6 K −1 respectively [9, 10] .
Perovskites structured materials such as (La,Sr)(Co,Fe)O 3 have been vastly used as oxygen reduction catalysts in SOFC and for OTMs [11] . It has also been demonstrated that electrodes with very high catalytic activity can be prepared by infiltration of these materials into porous ionic conducting backbone structures [12] . Additionally, Zhao et al. [13] , have reported that LSC catalytic layers prepared by this route show remarkable performance in terms of high resistance to thermal cycling and thermal shock due to using of impregnated nano catalytic particles rather than bulk particles.
For the preparation of asymmetric membranes, a planar structure configuration is usually chosen because of the simple fabrication [14] . Changing to a tubular design has some advantages compared to a planar design especially in terms of mechanical strength when the component is in a temperature gradient.
Additionally, the sealing of tubular components, especially if high pressure is considered is much less difficult [15] . Some studies on the preparation and testing of an asymmetric tubular perovskite membrane structure have been reported earlier [16] . In these studies identical materials for dense layers and porous supports were mainly used. Recently, Liu et al. [17] demonstrated that a crack-free asymmetric tubular perovskite membrane with a thickness of 20 μm could be prepared using extrusion and a spray drying processing step. With the asymmetric design the oxygen flux performance was almost 1.35 times higher than with the symmetric configuration and the membrane was stable under low pO 2 conditions over 200 hours. It is evident to see that the membrane performance and stability could be improved by an asymmetric configuration. Moreover, to the author's knowledge studies are not available that deal with the preparation and testing of asymmetric tubular CGO membranes for use in syngas reactors or in similar applications. Hence this work contribute to closing the research gap in this area.
This present work addresses the preparation and characterization of a gastight membrane layer of Ce 0.9 Gd 0.1 O 1.95−δ (CGO10), supported on a low cost porous MgO tubular substrate [18] . On each side of the CGO membrane a catalytic layer is present in order to improve the electro-catalytic reaction. The optimization of the de-bindering and sintering cycle is optimized as to allow for an effective removal of binder organics and co-sintering of a defect free asymmetric membrane multi-layer structure. The oxygen permeation flux for the tubular, MgO supported CGO membrane is measured in the temperature range of 750-900 °C under conditions relevant for syngas operation.
Material and methods

Fig
. 1 (a) shows a schematic of the prepared asymmetric tubular membrane architecture in which the porous MgO support was fabricated using thermoplastic extrusion and the membrane and catalytic layers were prepared through a dip-coating process from stabilized ceramic suspensions. This was followed by impregnation of catalytic material into the porous backbone on the outside of the membrane. Fig. 1 (a) shows schematically the setup of the tubular multilayer membrane. Please notice that the colors in the schematic in Fig 1a do not correspond to the colors of the layers shown in different processing steps in Fig. 1 (b) to (e). This is due to the fact that most of the layers do change color during firing. Fig. 1 (b) - (e) show photographs of tubular membranes after each progressing step, before and after firing (left and right part of the pictures). The process starts from the extrusion of the MgO tubes, followed by dipcoating and sintering of the catalytic NiO-CGO layer (brown after dip-coating, green in color after firing at 1250 °C, Fig. 1 (c) ), membrane layer of CGO (white after dip coating and transparent/green after firing at 1300 °C Fig. 1 (d) ) and porous CGO backbone layer for impregnation of nano particles of LSC (black after dip coating and blue after firing and after LSC impregnation, Fig. 1 (e) ). and after pre-sintering at T1=1250 °C (green, on right), (d) Dense CGO membrane layer after dip coating (DC) (white, on left) and sintering at T2=1300 °C (transparent on green NiO-CGO layer), (e) -porous‖ CGO layer after dip coating (black, on left) and after sintering at T3=1250 °C and infiltration (I) with LSC nano particles (blue, on right).
Thermoplastic extrusion of MgO support tubes
The preparation of the tubular MgO support includes powder processing, kneading, thermoplastic extrusion and finally the thermal de-bindering and sintering. during extrusion and the sintering process as well as additional information on the preparation, can be found in our previous work [19] . The kneaded feedstock was shaped into a tube using a die assembly of Ø = 14 mm outer diameter and Ø = 12 mm inner diameter by using an extruder (Model 19/20DN, Brabender, Germany). An oil bath was used to maintain a temperature of 110 °C and 100 °C for the extruder chamber and die head, respectively. An extruder speed of 10 RPM was used during the entire extrusion step as this was found to be the optimal speed with respect to extruded form stability during the processing.
Preparation of functional layers
Slurry preparation
Three different slurries have been prepared: i) a CGO slurry for the dense membrane layer (CGO-D) ii) a CGO slurry for the porous infiltration layer on the feed side (CGO-P) iii) a NiO-CGO slurry for the activation layer on the permeate side. The slurry compositions are listed in Table 1 
Preparation of the functional layers
For the dip-coating of the three functional layers, an in-house constructed dip-coater has been used. The dip-coating speed can be controlled accurately by a step engine, thereby allowing a very precise control of the thickness and evenness of the coatings. As shown in Fig. 1 , the catalytic layer of NiO-CGO was coated on the green MgO tube and pre-sintered at 1250 °C, followed by dip-coating and sintering of the dense CGO membrane (CGO-M) and finally the porous CGO layer.
The porous MgO layer was prepared by thermoplastic extrusion of the feedstock containing ~66 vol.% of binder organics and fugitive pore former. It is very difficult to simultaneously carry out the binder burn out and ensure the densification of the CGO membrane in the same sintering cycle due to the amount of gasses formed. Therefore in order to remove the organic media, a de-bindering and sintering cycle has been developed which is followed by additional cycles. Before coating of the membrane CGO layer, the pre-sintered sample was coated again with a single coating of the NiO-CGO suspensions in order to close any pores that may have developed during the presintering of the NiO-CGO layer. The CGO membrane suspension was coated twice in order to improve the chances of gas tightness of the dense membrane layer and to obtain a final sintered thickness of approx.
20 to 30 μm. After the coating, a heating rate of 0.5 K min -1 has been employed for the 2 nd cycle and a dwelling period of 1 h at 600 °C was applied to binder removal and later elevated to 1300 °C for 2 h (as shown in Fig. 2) . To analyze the shrinkage behavior of the porous and dense layers of the membrane, dilatometry experiments were carried out. For this analysis (an optical dilatometer, TOMMI, Fraunhofer ISC, Würzburg, Germany), warm pressed MgO feedstocks and a pressed pellet of the CGO from dried powder of CGO-M slurry was used after de-bindering at 900 °C. The linear shrinkage (dl/L 0 ) was monitored in situ continuously during the heating and cooling cycles and the shrinkage of the sample was corrected using the thermal expansion coefficient (TEC) determined from the cooling part of the shrinkage curve.
Considering the warm pressed pellets isotropic, the relative densities (ρ) are calculated as a function of temperature from optical dilatometry results using the following equation [20] .
where g  is the relative density of green sample.
Oxygen permeation measurement
Before the oxygen permeation measurement, the membrane gas tightness has been tested using an inhouse developed equipment. In this equipment the membrane is immersed in ethanol and the inside of the membrane is pressurized with nitrogen to 4 bar. The gas tightness of the membrane was verified as no bubbles could be visually observed.
Oxygen permeation measurements were conducted with the test setup illustrated in Fig. 3 . The procedure is described in more detail in [21] . . Fig. 4 shows that the CGO suspension prepared with high solid loading (CGO-M) for preparation of the dense membrane layer has a shear thinning behavior. The other two slurries for the porous catalytic layers (NiO-CGO and CGO-P) show a very low shear thinning behavior indicating that the coating thickness will only be slightly influenced by the coating speed. At a shear rate of 100 s −1 , the CGO slurry with high ceramic loading (CGO-M) shows the highest viscosity of 37 mPa s followed by NiO-CGO with 19 mPa s and the CGO slurry with 14 mPa s. Due to the lower shear thinning effect of the NiO-CGO and CGO-P slurry, the quality of these suspension is considered suitable as the expected coating surface will smoothen the MgO support surface to enable the application of the thin film CGO layer (CGO-M). 
Co-sintering of porous MgO support/dense CGO membrane layer
An important aspect in the fabrication of asymmetric multi-layers with a porous/dense structure is the cosintering process. In co-sintering, a good match of the shrinkage and strain rate of the membrane structure, consisting of different layers, need to be achieved in order to avoid the development of excessive stresses during sintering which can lead to mechanical failures or warpage in the case of planar structures [22] . For the co-sintering of a tubular support layer of MgO with a CGO membrane the differences in the starting powders and targeted final densities of the layers need to be considered. A thin membrane layer needs to be fully densified (to achieve 100 % gas tightness) on a sufficiently porous support layer (usually 25 to 40 %, depending on support thickness and microstructure).
In the present work the shrinkage, final density and potential distortion of ceramic multilayer systems during the co-sintering process have been measured using optical dilatometry [23] [24] [25] . The densification and strain rate development of single green layers of a MgO extrusion mass and a dip-coating composition (after de-bindering) as function of sintering temperature are shown in Fig. 5 (a) and (b) , respectively. ) and the calculated strain rate differences for the two layers for both heating rates. From such data the formation of stresses between the layers can be estimated, and together with the shape change of complete, tubular bilayer structures the formation of stresses between the layers can be calculated. Such modeling is reported elsewhere [27] and here we just briefly describe the strain curves and their relevance.
The strain rate difference between the MgO support and the CGO membrane layer in A larger strain rate difference may drastically increase the risk of the formation of stress-induced defects and delamination. Especially, the larger strain rate difference between the layers in the low temperature sintering regime (900 to 1100 °C) would be critical in a bi-layer structure when the sample is still fragile and sintering necks start to form.
The strain rate curves in Fig. 5 (b) indicate that after the onset of sintering at about 900 °C the CGO membrane layer is shrinking faster than the MgO support until temperatures of about 1300 °C when the CGO layer is getting fully densified and the shrinkage rate of the CGO layer is declining. Above temperatures of about 1300 °C the MgO support shrinks faster than the CGO membrane layer (crossing points between the two strain rate curves). Interestingly, this cross over point is shifted from temperatures of 1300 °C to 1360 °C if the heating rate is increased from 0.5 to 3 K min -1 .
Therefore, if the stress levels do not lead to failure in the low temperature sintering region, a co-sintering with a fast heating rate towards a higher final sintering temperature (and shorter isothermal holding times) could lead to a bilayer structure with a porous support structure and a dense CGO layer.
Furthermore, according to previous investigations by dilatometry, electron microscopy and mercury porosimetry [19] , the densification between 1250 and 1400 °C is governed by the elimination of smaller submicron sized pores. This leads to shrinkage of the overall structure, but simultaneously also a growth and improved interconnectivity of larger macro pores (introduced by the addition of graphite pore former) which surprisingly resulted in improved pore connectivity and gas permeability of the support structure.
Previous work on such MgO supports with a porosity of 42 % have shown that for these structures a gas permeability (Darcy) of about 4.2 ×10 -16 m 2 can be reached [19] which need to be improved to avoid gas transport limitations for membrane layers with high oxygen fluxes above 10 ml min cm -2 . With a specific high temperature mechanical test rig the mechanical strength of extruded MgO support tubes was determined with 77 MPa at room temperature and 60 MPa at 850 ˚C [28] . These strength values are considered to be sufficient for the membrane application. Nevertheless, these type of strength measurements need also to be performed on fully assembled MgO supported CGO membranes to exclude a reduction in strength due to defect formation during co-sintering.
Microstructure of asymmetric MgO supported CGO membranes
After successful completion of the co-sintering of the membrane, gas-leakage was tested to ensure that the membrane is free from processing defects. The test verified that the membranes were gas tight (for details on the gas leakage measurements refer to section 2.3). . 6 (e) ). The measured porosity of the MgO layer was 42 % and the observed mean grain size was 2-3 μm. From Fig. 6 (b) , it can be seen that some densification has occurred at the interface due to strong interaction between NiO and MgO. It is reported in the literature that the Ni/MgO phase exhibits high catalytic activity in POM (partial oxidation of methane) operation as elemental nickel can be dispersed uniformly in the interface and eventually enhance the catalytic reaction [29] . Hence, the occurrence of densification in the interface will not affect the membrane performance. On the other hand it also improves the mechanical stability between the interfaces of the MgO and the Ni-CGO layers which was confirmed by SEM image shown in Error! Reference source not found. in which the crack was observed inside Ni-CGO layer and not in the interface. Table 2 shows the mean thicknesses of the membrane functional layer measured from SEM cross sections. 
Oxygen flux measurements in asymmetric MgO supported CGO membranes
The performance of fully assembled, asymmetric multi-layer membranes based on MgO support and the CGO membrane and catalytic layers was finally determined by oxygen permeation measurements, as described in section 2.3.
For testing the quality of the sealing (between the membrane sample and the transition pieces connecting it with the test rig), the test rig was first heated with 500 Nml min This result in an increase in the oxygen flux and is marked on Fig. 7 . as an activation of the membrane.
The activation is attributed to an increased performance of the permeate activation layer containing Ni and it is not considered unlikely that it is first at this point the permeate activation layer is fully reduced.
There is a clear thermal dependence of the oxygen flux and in pure hydrogen the activation energy of the flux is 82.3 kJ mol -1 . It is clearly seen that for an increasing inlet hydrogen concentration the oxygen flux also increases, which is attributed to an increase in driving force over the membrane resulting from the increased hydrogen concentration present in the permeate activation layer. The membrane was also heated to higher temperatures than 856 °C in pure hydrogen. However, this resulted in significant condensation in the tubing leading to an unstable signal on the pO 2 -sensor downstream the membrane, wherefore the flux values are highly scattered. There was, however, nothing that indicated that the Arrhenius dependency observed for the oxygen flux (see Fig. 7 ) changed. The membrane was held for approximately 80 h in pure hydrogen at 856 °C (±2 °C) without a measurable degradation in the flux.
Heating from 856 °C to 920 °C also resulted in a significantly higher flux, however, this was followed by a rapid deterioration of the flux, to a level below the 856 °C level. This large decrease is tentatively assigned to a coarsening effect of the Ni-CGO layer on the permeate side of the membrane. As it has previously been shown [30] that a redox-cycling of the anode of a solid oxide fuel cell can lead to an improved performance, this was also tried here. The sample was cooled to 650 °C and the anode was oxidized with air (approximately 24 h) and subsequently reduced again with hydrogen. Fig. 8 shows the flux as a function of reciprocal absolute temperature prior to the high temperature treatment, after the high temperature treatment and after the redox-cycle. The permeate gas is in all cases 3 % humidified hydrogen. It is clear that the redox-cycling of the permeate Ni-CGO layer improves the oxygen flux through the membrane dramatically from 0. (after the redox-cycle). The flux reported in Fig. 7 is thus to a large extend limited by the Ni-activation layer on the permeate side of the membrane. The observed activation energy of 53.3 kJ mol -1 is significantly below that of both typical anode processes and cathode processes [12, 31] . It is in the range of theat expected for ionic conduction through the CGO membrane, however, it seems unlikely that the flux is limited by the ionic conductivity through the membrane [32] , It is more likely that the low activation energy is an artifact due to the Ni-electrode re-coarsening when increasing the temperature. and after pre-sintering at T1=1250 °C (green, on right), (d) Dense CGO membrane layer after dip coating (DC) (white, on left) and sintering at T2=1300 °C (transparent on green NiO-CGO layer), (e) "porous" CGO layer after dip coating (black, on left) and after sintering at T3=1250 °C and infiltration (I) with LSC nano particles (blue, on right). 
